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Abstract
Streambed hydraulic conductivity (K) and vertical K (Kv) are key controls on ground-
water and surface water exchange and biogeochemical fluxes through the hyporheic
zone, but drivers of transient hydraulic properties in different fluvial environments
are poorly understood. This study combines hydrogeology, geophysics, and sedimen-
tology to reveal mechanisms of K and Kv transience in the upper 0.5 m of a sandy
streambed during low discharge. Hydraulic tests (44 slug tests, 130 falling-head per-
meameter tests) and 130 grain-size analyses were repeated three times over 8 weeks
on a 1,200 m2 grid spanning: (a) a channel with continuously flowing water and
mobile bed load; (b) an adjacent mid-channel bar that was stationary and infrequently
submerged. Aerial photographs and ground-penetrating radar show scour and com-
plete reworking of fluvial sediments in the channel. Bar sediments below the water
table remained immobile, but infrequent flows of moderate discharge reworked the
uppermost few centimetres of the bar top. Despite differences in sediment mobility
and stream flow characteristics across environments, K and Kv exhibited order-of-
magnitude differences in spatial heterogeneity and temporal variability in both the
channel and bar. Mean K and Kv values in the channel were comparatively stable over
time. In the immobile bar, mean K declined 20% and Kv declined 26% after increased
discharge temporarily inundated the bar. Grain-size distributions were steady across
both environments over time, but repeat geophysical surveys of the bar show a
decrease in electrical conductivity, likely from porosity reduction. These findings sug-
gest that sediment dynamics and stream flow characteristics in different streambed
environments are important drivers of K transience during low discharge conditions.
Specifically, pore clogging can be an important mechanism of transience over short
durations (weeks to months) in immobile sediments subject to infrequent flows and
minor reworking.
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1 | INTRODUCTION
Hydraulic conductivity (K) is a measure of the capacity of a porous
material to transmit water. Estimating K is a fundamental pursuit of
aquifer characterization because it is one of the primary factors
governing the flow of groundwater and the transport of solutes
(e.g. Anderson, Aiken, Webb, & Mickelson, 1999; Davis, Lohmann,
Phillips, Wilson, & Love, 1993; De Marsily et al., 2005; Eaton, 2006;
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Koltermann & Gorelick, 1996; Michael et al., 2010). In streambeds,
K is important because it influences the unique physical, chemical, and
biological processes that occur in this environment. Groundwater and
surface water are hydraulically connected (Winter, Harvey, Franke, &
Alley, 1999), and the degree of this connection largely depends on the
vertical hydraulic conductivity (Kv). Recent studies have shown that
streambed K is heterogeneous at multiple scales (Cardenas &
Zlotnik, 2003; Chen, 2004; Dong, Chen, Wang, Ou, & Liu, 2012;
Genereux, Leahy, Mitasova, Kennedy, & Corbett, 2008; Jiang
et al., 2015; Landon, Rus, & Harvey, 2001; Sebok, Duque,
Engesgaard, & Boegh, 2015; Ward, Schmadel, & Wondzell, 2018).
Moreover, some work has shown that streambed K can be temporally
dynamic (Genereux et al., 2008; Hatch, Fisher, Ruehl, &
Stemler, 2010; Nowinski, Cardenas, and Lightbody (2011); Ryan &
Packman, 2006). The spatio-temporal variability of streambed K and
Kv strongly influences hyporheic water exchange and interactions
between groundwater and surface water.
The key controls on transient hydrogeological properties of
streambeds likely relate to (a) sediment transport (i.e. deposition,
scour, and bedform migration) affecting the grain-size distribution of
the streambed sediments and (b) diagenetic processes (post-
depositional changes in physical, chemical, or biological properties)
affecting the sizes and interconnectivity of the pores within the sedi-
ments (Figure 1). Sediment transport creates a dynamic environment
in which grain-size distribution, mud content, and K change over time
(Genereux et al., 2008; Jiang et al., 2015; Korus, Gilmore, Waszgis, &
Mittelstet, 2017; Sebok et al., 2015; Springer, Petroutson, &
Semmens, 1999). Genereux et al. (2008) recorded spatial and tempo-
ral variations in Kv bimonthly over 1 year and observed that changes
occurred after large variations in stream discharge. Jiang et al. (2015)
observed that highest streambed Kv values occur on erosional banks
whereas lowest values occur near depositional banks. Genereux
et al. (2008) and Jiang et al. (2015) noted that streambed Kv tends to
be highest in the centre of the channel, relating flow velocity to grain-
size distribution. Sebok et al. (2015) demonstrated that K was more
variable on a meander bend relative to a straight channel, and that
layers of fine sediment were strongly correlated with zones of low Kv.
Korus et al. (2017) documented the migration of a unit bar over a thin
layer of mud, resulting in a transient reduction in mean Kv in a sandy
streambed. These studies show that stream water velocity, sediment
transport, and localized scour are important drivers of streambed
K heterogeneity in both spatial and temporal domains.
Post-depositional changes can also alter the hydrogeologic prop-
erties of streambed sediment. Mechanical pore clogging has been pro-
posed as a mechanism by which fine particles are emplaced to create
heterogeneity in streambed K (Dong et al., 2012; Gaillard et al., 2007;
Goldschneider, Haralampides, & MacQuarrie, 2007; Nowinski
et al., 2011). Gaillard et al. (2007) used a laboratory experiment to
flush fine Zirconia (ZrO2) particles through a tube packed with glass
beads. Their research showed that fine particles can be mobilized by
flow through porous media and aggregate on the sediment matrix to
reduce K. Nowinski et al. (2011) measured temporal changes in
streambed K and grain size, and developed a particle-tracking ground-
water model that demonstrated how fine particles can be mobilized
from areas of initially high K to areas of initially low K. Dong
et al. (2012) observed that Kv is generally lower on bar structures than
in the active stream channel, hypothesizing that groundwater flow
through sandy framework sediments caused post-depositional
F IGURE 1 Conceptual model of various controls on transient K and Kv in streambed environments at low to moderate discharge
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redistribution of silt and clay. They posited that horizontal groundwa-
ter flow in the bars resulted in mechanical pore clogging and Kv reduc-
tion, whereas silt and clay were removed from the streambed
sediments in zones of upwelling, resulting in increased Kv. Compaction
can be an important mechanism of Kv reduction when large masses of
sediment are deposited atop river bars composed of silt and clay
(Springer et al., 1999). Bioclogging and gas ebullition are also thought
to play a potentially important role in determining streambed
K heterogeneity by constricting pore spaces and reducing the capacity
for fluid flow through the sediment matrix (Caruso, Boano, Ridolfi,
Chopp, & Packman, 2017; Cuthbert et al., 2010; Dong et al., 2012;
Newcomer et al., 2016).
Despite the variety of processes that can change the K structure
of a streambed over time, there have been few studies aimed at dif-
ferentiating between these various processes across different envi-
ronments of the same streambed. This research presents a novel test
to differentiate between the relative dominance of physical controls
on K transience at scales of ~100–1,000 m2. The objective was to dis-
cover which streambed environment was most dynamic over a period
of several weeks, thereby shedding light on the controlling processes
of K transience at short timescales. The hypothesis was that K and Kv
would be more temporally variable beneath a flowing stream channel
than within sediments of an emergent fluvial bar because bed load
sediment transport is an active, dynamic process in channels at these
timescales but it is inactive in stationary bars. Interpolations of K and
Kv values reveal temporal changes in streambed heterogeneity. Ana-
lyses of repeat measures are used to determine statistically significant
differences between mean K and Kv from different sampling events
within each environment. These techniques are combined with data
from geophysical surveys to examine the temporal evolution of the
system.
2 | SITE DESCRIPTION
The study site is on the Loup River near Genoa, Nebraska, approxi-
mately 1 km downstream from the Loup Canal diversion (Figure 2).
The drainage area is approximately 33,253 km2 and includes the
Nebraska Sand Hills, a large, inactive, grass-covered erg used mostly
for grazing, and the dissected loess plains, an intensive agricultural
area used for crop production. Average temperature varies from −4C
in the winter to 24C in the summer. On average, winters are dry
(~2 cm/month) compared to summers (8–12 cm/month)
(NCSO, 2020). Mean annual discharge is 19 m3/s, but varies between
0.1 and 200 m3/s, based on a USGS gaging station record from 1943
to 2018 (USGS, 2018). Flood stage for this station is 3.2 m (discharge
~1,400 m3/s, exceedance probability 15%).
The Loup River near the study site is straight to braided and con-
tains multiple, composite bank-attached bars and mid-channel bars.
Holocene sediments are ~3 m thick and are dominantly sand, minor
gravel, and miniscule amounts of silt. These sediments lie above 22 m
of fine-grained Quaternary alluvium, which lie atop shale and chalk of
the Cretaceous Niobrara Formation (Burchett, Reed, &
Dreeszen, 1975). The study grid is a rectangle approximately
F IGURE 2 Map of study site. (a) Map of Nebraska showing surficial geology and river basin boundary. (b) Close-up of area in red box in (a),
showing important features. (c) Close-up of study grid showing locations of hydraulic tests
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30 × 40 m that includes approximately equal portions of the sub-
merged stream channel and an adjacent mid-channel bar, which was
mostly emergent during the study period (Figure 2).
3 | RESEARCH METHODS
3.1 | Hydraulic tests
Hydraulic measurements included slug tests to measure K and falling-
head permeameter tests to measure Kv. Tests were performed on the
same grid once per month (June 2, July 5, and August 3, 2017). The
corners of the grid were marked with stakes and a tape measure was
used between the stakes to lay out the same grid on each of the three
test periods. To minimize the effects of sediment disturbance on
repeat tests, each subsequent measurement at a single point was
done at a slightly different location than the previous, but within a
0.5 m radius. When necessary, holes were excavated to remove the
10–20 cm of unsaturated sand and expose the saturated portion of
the bar. These holes were generally still visible during the subsequent
event, and care was taken to not instal tubes or piezometers into the
previously used holes. Permeameter tests were performed at all
130 points, but slug tests were only performed at 44 points due to
time constraints.
Slug tests are inexpensive, quick, and require only a single well.
The data can be analysed for an estimate of K in the immediate vicin-
ity of the well screen. Because flow around the screen is
three-dimensional, the K estimate cannot be described in terms of
direction (Zlotnik, 1994). Open-ended permeameters, however, can
be inserted vertically into a streambed to directly measure the vertical
component, Kv. These tests are also inexpensive, quick, and require a
single tube, but the volume of material subject to the test is quite
small, being limited to only the sediment volume inside the tube.
Slug test piezometers 5.08 cm in diameter with a 30.48 cm
screened interval were hand-driven until the bottom of the screen
was 50 cm below the sediment–water interface or water table
(Figure 3). Water was displaced with a bailer and the water level rise
was recorded using a pressure transducer. Three consecutive slug
tests were completed at each test location. Hydraulic conductivity (K)
was calculated using the Bouwer and Rice (1976) equation:
K =
r2c ln Re=rwð Þ
2L*t
ln
y0
yt
 
, ð1Þ
where rc is the interior radius of the well, Re is the effective well
radius, rw is the radius of the well casing, L* is the length of the
screened interval, t is time, y0 is the displacement at time 0, and yt is
the water level at time t after displacement.
Permeameter tubes 152.3 cm long and 4.5 cm in diameter were
mechanically vibrated into the streambed until the bottom of the tube
was 50 cm below the sediment–water interface or water table
(Figure 3). Ambient pre-test head was measured by lowering a tape
down to the water level on the inside of the tube at least 20 min after
tube insertion. Slug test recovery times were typically <60 s, so the
F IGURE 3 Hydraulic methods used in this study. Piezometer instrument setup for measurement of pore water conductance (left). α, slug test
piezometers, β, permeameter tubes. See text for explanation of variables
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20-min equilibration time for permeameter tests was more than suffi-
cient for the water level in the tube to be a precise measurement of
pre-test head. The tubes were filled with water and 10 measurements
of head change versus time were manually recorded for each test.
Vertical hydraulic conductivity (Kv) was calculated following proce-
dures outlined in Chen (2004), using the Hvorslev (1951) equation:
Kv =
π
11
D
m + L
t1−t0
ln
H0
H1
 
, ð2Þ
where D is the diameter of the permeameter, m is the aquifer anisot-
ropy, L is the length of the sediment column inside the tube, H0 is the
head displacement at time 0 relative to ambient pre-test groundwater
head, and H1 is the head displacement at time one. All K and Kv values
were corrected to a temperature of 20C.
3.2 | Grain-size analysis
A total of 390 sediment samples were collected for grain-size analysis
(130 per event). Composite sediment samples were collected by cap-
ping the permeameter tubes after the falling-head test was com-
pleted, then removing the capped tubes, creating suction which held
the sediment in the tube until it could be placed in a bag. Unsaturated
sediments on the bar were excluded because this material was
removed before inserting the tube. The samples were dried, placed in
a series of nine sieves with openings 8–0.063 mm, were vibrated
using a sieve shaker, and then the retained portions of each sieve
were weighed. Grain-size distribution curves and statistics were calcu-
lated using GRADISTAT v. 8 (Blott & Pye, 2001), an automated statis-
tical computation and visualization program for large grain-size
datasets.
3.3 | Geophysics and water conductance
Ground-Penetrating Radar (GPR) was used to measure stratification,
bathymetry, scour, and deposition in the near subsurface (upper
~0.5–1.0 m) of the channel and bar sediments. Data were collected
using a Mala GX with a 450 MHz antenna. Each survey consisted of
23 straight-line profiles along the 13 rows and 10 columns of the grid.
The survey was repeated twice during the study [July 12 and August
1 (the instrument was not available until mid-July)], resulting in a pair
of GPR profiles for each of the 23 grid lines. The GPR unit was placed
inside an inflatable raft and dragged across the sand or floated over
the water. This required the use of automatic (time) triggering rather
than direct measurement of length with a triggering wheel. Because it
was difficult to maintain a constant velocity while pulling the antenna,
the conversion of time to length was not straightforward. Each profile
was fit to the length of the survey line, and then they were
rubbersheeted (i.e. stretched or compressed) as necessary to match
the known positions on the profile pairs as closely as possible (i.e. the
bar/channel margin). Post-processing in RadExplorer v. 1.42 included
resetting first signal detection to time zero, background removal, 2D
spatial filtering with a three-trace mean, amplitude correction, and a
band pass filter centred around 450 MHz. Time was converted to
depth using a velocity of 0.055 m/ns, which was estimated from
hyperbola matching. There was no need to correct profiles for
topography.
Electromagnetic induction (EM) yields estimates of apparent elec-
trical conductivity (σ). In clay-free, coarse-textured sediments satu-
rated with electrically conductive waters, there is a well-established,
positive correlation between σ and porosity (e.g. Archie, 1942;
Heigold, Gilkeson, Cartwright, & Reed, 1979; Lesmes &
Friedman, 2005; Purvance & Andricevic, 2000). Both K and σ increase
with increasing porosity because both water and electrical current
move more freely through large, interconnected pores than small, dis-
connected pores. A hand-held GSSI Profiler EMP 400 EM tool was
carried along parallel, ~2 m-spaced lines over the compound bar at
four different times throughout the study period. The EM tool is not
effective for imaging sediments below surface water, so the sub-
merged channel was not surveyed. The kriging method was used to
interpolate conductivity maps.
The specific conductance of pore water in the bar sediments was
measured periodically on the dates of the EM surveys. A piezometer
fitted with a tube connected to a screen was installed to the depth of
investigation (Figure 3). A hand-held vacuum pump was used to
extract water from the piezometer and into a flow-through chamber.
The water was pumped until it was clear and temperature and con-
ductance had stabilized. A field metre was used to measure the spe-
cific conductance of the water in the chamber.
3.4 | Aerial photography, bathymetry, and stream
stage
Digital orthophotos of the site were created periodically to document
changes in river morphology. Photographs were taken from an
unmanned aircraft at a flight height of approximately 120 m. Over-
lapping, offset images were automatically merged into orthophotos
through the automatic identification of matching pixels in Pix4D soft-
ware. GPS-surveyed targets were placed on the ground during the
flights as ground-control points (GCPs) to transform the orthophotos
to absolute coordinates.
To measure changes in bathymetry of the channel, water depth
was measured at the point of each permeameter test for each sam-
pling event. Bathymetric contours were interpolated using ordinary
kriging. To permit direct comparison of streambed elevation, the mea-
sured water depths had to be adjusted to account for slight changes
in stage height over the course of the study. Water depths for June
2 and July 5 were adjusted to reflect bathymetry relative to the stage
height on August 3.
Periodic, manual measurements of stream stage were made at the
study site using an old bridge piling as a permanent datum. These
stage changes were found to be nearly identical in magnitude to
changes at the USGS gaging station located downstream. Because of
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there are no major constrictions or hydraulic drops between the two
sites, the gaging station was determined to be a reliable record for
automated stage and discharge measurements for the study site.
3.5 | Statistical methods
Repeated measures one-way analysis of variance (ANOVA) tests with
AR(1) covariance structures were performed using the PROC
GLIMMIX procedure (SAS, Cary, NC). Models were analysed sepa-
rately for each of the response variables (K and Kv) and for the mobile
stream channel and the immobile bar (for a total of four individual
models). One K estimate and three Kv estimates measured near the
bar margin were located at sites that were eroded, becoming part of
the channel during the study period. These data were excluded from
the analyses to eliminate test variance not of interest for hypothesis
testing (Figure 2). Responses were assumed to be normally distributed
and normality was checked based on residual plots. The LSMEANS
option was used to generate the sample means of observed events
within each model and compare between sample events. Significant
differences were identified at significance level of 0.05, and means
are accompanied by 95% confidence intervals.
4 | RESULTS
4.1 | Stream discharge and streambed changes
Stream discharge varied between 1.3 and 31.1 m3/s during the course
of the study (Figure 4). The sampling events occurred at times when
discharge was <10 m3/s (low discharge). Two times during the course
of the study minor changes in stage caused the emergent compound
bar to become temporarily submerged under <10 cm of water (moder-
ate flow). Event A peaked at 22.7 m3/s (stage = 1.6 m) on June 16 and
was related to precipitation in the drainage basin. Event B peaked at
31.1 m3/s (stage = 1.84 m) on July 16, 10 days after the second data
collection, when the canal diversion located upstream of the study
area ceased taking water from the Loup River (Ellyson, 2017). Both
events were below bankfull stage of 3.2 m, but the flows were none-
theless capable of causing deep (~1 m) scour in the channel, major
reworking of channel sediments, and minor, localized reworking of the
bar top down to ~25 cm (~10 cm below the position of the water
table during sampling events).
Aerial photographs show changes in the positions of bedforms
and channel scour within the channel environment between the three
sampling events (Figure 5). On June 2, the channel was deepest adja-
cent the bar and an elongate bedform occupied the southern part of
the grid. By July the deep part of the channel had filled with
bedforms. On August 1, a new scour had deepened the channel adja-
cent the bar and a new bedform had formed in the southern part of
the channel.
The overall morphology and position of the compound bar
remained stable within the grid area, with the exception of some
minor erosion of the bar margin that caused three sites within the test
grid to switch from the bar to the channel environment. These data
were eliminated from the repeated measures analysis, as explained
above. After flow event B, the bar top became darker and slightly veg-
etated, and a small, shallow (<10 cm) cross-bar channel formed in the
grid area.
GPR surveys were completed on July 12 and August 1 to examine
the effects of flow event B (July 16) on scour and bedform migration
(Figure 6). Sedimentary structures and channel bathymetry were digi-
tized from the GPR images and then the profile pairs were compared
(only five profile pairs are shown here; Figure 7). Inexactness in the
geometries of these features between profile pairs are attributed to
the effects of rubbersheeting and imprecision in the location of the
GPR transects between events. The cross-bar channel that formed
during flow event B caused only minor changes in the upper ~10 cm
of the zone of investigation on the eastern side of the grid. Scour in
the cross-bar channel was minimal.
In contrast to the bar, sedimentary structures and bathymetry
changed dramatically in the channel between survey events (Figure 7).
The streambed was substantially reworked to depths >0.5 m. Sedi-
mentary structures contrast markedly between pairs of profiles.
Inclined beds are commonly oriented in opposing directions or have
completely different geometries. Total scour exceeded 1 m in the cen-
tre of the channel. Parts of the channel were incompletely filled with
sediment, resulting in deepening of the channel thalweg (shaded
areas, Figure 7).
4.2 | Statistics and spatial distributions of K and Kv
K ranged from 10.09 to 53.2 m/day (Table 1). Kv ranged from 0.46 to
37.16 m/day (Table 2). Kv in the channel displays a two-peak histo-
gram for all sampling events (Figure 8). Nevertheless, responses were
assumed to be normally distributed and normality was checked based
F IGURE 4 Hydrograph for Loup River gaging station at Genoa
(USGS ID 06793000) showing discharge and stage during study
period. Stage height is relative to stage at time 1. Labelled dates
indicate sampling events. Letters refer to peaks in hydrograph from
events explained in text
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on residual plots. The plots of the residuals do not indicate any non-
constant variance issues or other issues of non-normality of the data:
thus all normality assumptions are assumed to be met.
Variances for the replicate K measurements made on the same
day were compared to variances for repeat K measurements from the
three different sample events. For the majority (85%) of the tests, var-
iance for replicate measurements was lower than variance for repeat
measurements (Figure 9).
The results of repeated measures one-way ANOVA tests are
given in Tables 3 and 4. Figure 10 shows the sample means and 95%
confidence interval estimates from the repeated measures models for
all four of the analyses. The effect of date was statistically significant
for the following models: response K within the channel (F = 5.02;
df = 2, 38; p = .0116), response K within the bar (F = 8.18; df = 2, 44;
p = .001), and response Kv within the bar (F = 30.16; df = 2, 136;
p < .0001). For the Kv response within the channel there was not a
statistically significant effect of date (F = 0.54; df = 2, 114; p = .5821).
In Table 3 and Figure 10, letters within each of the four models
denote which of the pairwise tests showed significant differences
(p < .05) between the sample events. Across all models p values indi-
cate that there are no significant differences between June 2 and July
5. In the channel, K declined 14% between July 5 and August 3, and it
declined 16% between June 2 and August 3. K declined 20% and Kv
declined 26% between July 5 and August 3 in the bar. K declined 21%
and Kv declined 27% between June 2 and August 3.
Changes in the spatial distribution of K and Kv were observed dur-
ing the study (Figure 11). The channel environment had higher aver-
age K values than the bar (Figures 10 and 11). For both June 2 and
July 5, the bar environment displayed an elongate, west–east zone of
K values ranging from 15 to 21 m/day. By August 3, this pattern was
more irregular and K values ranged from 9 to 18 m/day in this same
zone. The spatial arrangement of K values in the channel is variable
between all three periods.
F IGURE 5 Series of orthophotos merged from unmanned aircraft
photographs. Outline shows location of study grid
F IGURE 6 GPR profiles collected on 23 grid lines on July 12 and
August 1, forming profile pairs. Profiles in blue are shown in Figure 7.
GPR, ground-penetrating radar
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F IGURE 7 Interpretations of GPR
profiles along lines shown in Figure 6.
Uninterpreted GPR reflections are
given in Data S1. GPR, ground-
penetrating radar
TABLE 1 Descriptive statistics for
streambed K corrected from field
temperature to 20C
Bar Channel
Date June 2 July 5 August 3 June 2 July 5 August 3
Count 23 23 23 20 20 20
Mean 21.64 21.27 17.14 27.57 26.91 23.10
Maximum 35.34 31.48 32.50 53.20 33.89 34.92
Minimum 15.52 12.27 10.09 20.35 17.06 12.80
Range 19.82 19.21 22.41 32.85 16.83 22.12
Variance 19.17 25.55 29.22 44.21 16.78 27.99
SD 4.48 5.17 5.53 6.65 4.10 5.29
Note: Mean, maximum, minimum, range, and SD are in m/day. Variance is in m2/day2.
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Kv values in the bar generally align to west–east zones similar to
those observed in the K data. The pattern is similar between all three
periods, but the range of Kv changes from 9–27 m/day on June 2 and
July 5 to 9–21 m/day on August 3. Kv in the mobile channel was
highly variable—ranging from <3 to >27 m/day—but generally aligned
to patterns of bathymetry. The lowest Kv corresponded to deepest
parts of the channel, whereas highest Kv was in shallow parts of the
channel.
Temporal changes in spatial heterogeneity are also observed
across both environments by taking the differences between the
interpolated grids of the June 2, July 5, and August 3 data (Figure 12).
K increased by as much as 12 m/day and decreased by as much as
27 m/day. Kv increased by as much as 18 m/day and decreased by as
much as 27 m/day.
4.3 | Grain size and conductivity
Grain-size analyses reveal that the streambed sediment from all
three sampling events can be generally described as moderately
well-sorted, medium-coarse sand: 80–90% of the mass of each
sample fell within 250–833 μm (Figure 13). Average grain-size dis-
tributions showed very little change during the study period. On
average, the sediments from June 2, July 5, and August 3 consisted
of 97, 97, and 97.6% sand, and 3, 2.9, and 2.3% gravel by weight,
respectively. Only samples from August 3 had any measureable silt
at 0.1% on average. Specific conductance of interstitial water was
TABLE 2 Descriptive statistics for
streambed Kv corrected from field
temperature to 20C
Bar Channel
Date June 2 July 5 August 3 June 2 July 5 August 3
Count 69 69 69 58 58 58
Mean 23.49 23.05 17.11 14.70 15.89 15.97
Maximum 36.96 34.94 28.16 31.07 37.16 28.01
Minimum 6.16 1.89 1.44 2.02 0.46 0.71
Range 30.80 33.05 26.72 29.05 36.70 27.30
Variance 47.18 43.94 33.54 60.49 99.41 68.27
SD 6.92 6.68 5.83 7.78 9.97 8.26
Note: Mean, maximum, minimum, range, and SD are in m/day. Variance is in m2/day2.
F IGURE 8 Histograms of K and Kv by environment and date
F IGURE 9 Comparison of K variances for replicate and repeat
slug tests at a single test point. x-axis shows variances of replicate
measurements performed on the same day at a single piezometer. y-
axis shows K variances from repeat measurements taken June 2, July
5, and August 3, where K value for each date is the mean of replicates
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constant throughout the study period (Figure 14). There was no
correlation between water conductance and apparent electrical
conductivity (σ). The spatial pattern, mean, and range of σ changed
little from June 15 to June 29 (Figure 15). Values were between
13.5 and 16.5 mS/m on the western and eastern parts of the
bar, but were higher near the centre, ranging from 16.5 to
22.5 mS/m. Between June 29 and August 9, σ decreased through-
out the bar. Values on the western and eastern parts dropped to
9.0–15 mS/m, and near the centre they dropped to 13.5–21 mS/m.
The damping of σ by an average of 13% mimics changes in K and Kv
during that same period.
5 | DISCUSSION
5.1 | Error, sensitivity, and change detection
We argue here that changes in mean K and Kv were detected between
events despite the uncertainties related to the measurement methods.
For Kv, the sources of uncertainty include measurement error, lack of
knowledge of the true anisotropy (m in Equation (2)), and uncertainty
related to modelling a heterogeneous system with equations devel-
oped for homogeneous aquifers (Genereux et al., 2008). One way to
minimize the effect of measurement error on Kv is to use long tubes
(to allow for large H0) and allow the water inside the tubes to equili-
brate with ambient groundwater head prior to measuring H0 and
adding water. In this study, we allowed the water in the tubes to
equilibrate with ambient head for ~20 min, even though slug tests
showed that typical equilibration time was <60 s. All values for H0
were > 47 cm, and most (96%) were > 70 cm. It is estimated that pre-
test head errors resulting from reading a measuring tape lowered into
the tube were < 1 cm. Kv is relatively insensitive to these measure-
ment errors when H0 is large, as in this study. Therefore, maximum
uncertainty resulting from H0 measurement error is only about 2%
(see Supplemental Information). Although true anisotropy of the sedi-
ments is unknown, Chen (2004) estimated that for permeameter tests
where L/D > 5 (the tests in this study meet these conditions), the
error in Kv is <5% for any value of m. Modelling errors due to layered
TABLE 3 Results of repeated measures one-way ANOVA tests
June 2 June 5 August 3
Model Response n Mean Confidence interval Mean Confidence interval Mean Confidence interval
Channel
1 K (m/day) 60 27.572a (25.001, 30.142) 26.907a (24.336, 29.477) 23.104b (20.533, 25.674)
2 Kv (m/day) 174 14.702a (12.439, 16.966) 15.885a (13.622, 18.149) 15.966a (13.702, 18.229)
Bar
3 K (m/day) 69 21.6413a (19.511, 23.771) 21.274a (19.144, 23.404) 17.1430b (15.013, 19.273)
4 Kv (m/day) 207 23.4942a (21.952, 25.037) 23.05a (21.507, 24.593) 17.106b (15.564, 18.649)
Note: Within each model, mean values with the same subscript letter are not significantly different from one another (p > .05).
TABLE 4 Pairwise difference
estimates
Model Response Difference Estimate SE df t value p value
Channel
1 K (m/day) June 2–July 5 0.6650 1.3227 38 0.50 .6180
June 2–August 3 4.4680 1.5968 38 2.80 .0080
July 5–August 3 3.8030 1.3227 38 2.88 .0066
2 Kv (m/day) June 2–July 5 −1.1828 1.2057 114 −0.98 .3287
June 2–August 3 −1.2631 1.4485 114 −0.87 .3850
July 5–August 3 −0.08037 1.2057 114 −0.07 0.9470
Bar
3 K (m/day) June 2–July 5 0.3670 1.0884 44 0.34 .7376
June 2–August 3 4.4983 1.3195 44 3.41 .0014
July 5–August 3 4.1313 1.0884 44 3.80 .0004
4 Kv (m/day) June 2–July 5 0.4442 0.8135 136 0.55 .5859
June 2–August 3 6.3881 0.9817 136 6.51 <.0001
July 5–August 3 5.9439 0.8135 136 7.31 <.0001
Note: Units for pairwise difference estimate and SE are m/day.
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heterogeneity are expected to be small, as the sediments were effec-
tively homogenous, having a narrow range of grain size (Figure 13).
Given these considerations, we expect that uncertainty in Kv is proba-
bly close to 10–15%.
Uncertainties related to slug tests may lead to errors 10–25% in
K (Bouwer & Rice, 1976). The average error in this study, computed
as the difference between the maximum and minimum K divided by
the average K of all replicate tests at one site, was 12.8%. K variances
for replicate tests (multiple tests at the same site on the same day)
were between 0.0002 and 11 m2/day2. Variances for repeat slug tests
(tests at the same site at different times) were between 0.54 and
255 m2/day2. Repeat variances were greater than replicate variances
for 85% of the comparisons (Figure 9). Therefore, despite the poten-
tial uncertainties, changes in K were typically greater between sam-
pling events than between replicate tests on the same date.
Given the above discussion, we suggest that the “detection limit”
for change in this study is approximately 10–15%. Changes greater
than this limit could be due to changes in the hydrogeologic proper-
ties of the sediments rather than to errors in the measurement
method alone.
It is difficult to determine whether changes were detected in the
channel because mean K decreased 14–16%, which is close to the
detection limit. The decreases in K and Kv in the immobile bar environ-
ment, however, were ≥ 20%. These changes were mirrored by
changes in σ. K and Kv changes were above the detection limit and
they were statistically significant. Moreover, all three parameters (K,
Kv, σ) declined in parallel over the same time span in the bar. These
multiple lines of evidence strongly support the claim that the
observed changes in the immobile bar were due to transient
hydrogeologic properties, and not to randomness or error.
The spatial patterns of K and Kv heterogeneity varied within the
boundaries of the study grid during the 8-week study (Figure 11), con-
sistent with findings of previous authors (e.g. Genereux et al., 2008;
Hatch et al., 2010; Korus et al., 2017; Nowinski et al., 2011; Ryan &
Packman, 2006; Springer et al., 1999; Wu et al., 2015). Order-of-
magnitude changes were observed locally within the studied grid
(Figures 11 and 12). The observed changes in mean K and Kv, how-
ever, were probably not practically different because the size of the
differences (~20%) may not have been meaningful within the context
of flow through porous media. Nevertheless, the differences between
environments give important clues about the roles of streambed pro-
cesses on K transience in general.
5.2 | Effect of sediment transport, deposition, and
scour processes on K and Kv
There are multiple lines of evidence showing that sediment transport,
deposition, and channel scour occurred in the mobile stream channel
within the upper 0.5 m of the streambed. Repeat GPR surveys and
water-depth measurements show clear evidence for changes in
bathymetry, as well as scour as deep as 1 m below the sediment–
water interface (Figures 7 and 11). Sedimentary structures were des-
troyed by scour and then replaced by new structures as bedforms
filled the scour holes. Aerial imagery clearly shows changes in the
channel morphology (Figure 5).
F IGURE 10 Sample means estimates of K and Kv by environment and collection date. Within each of the four models, sample means with
the same letter and same colour bars were not significantly different (α > .05). Red bars represent upper and lower 95% confidence interval
bounds for each mean response
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In contrast, the compound bar remained stationary during the
study. Field observations and aerial imagery show that the bar
remained intact, although a cross-bar channel was eroded through a
portion of the grid between July 5 and August 3 (Figure 5). GPR
shows evidence that the internal structure of the compound bar
within the zone of investigation was unchanged despite shallow scour
within the confines of the cross-bar channel (Figure 11). The same
sedimentary structures can be identified in GPR profiles both before
and after flow event B, showing that bar-top scour did not penetrate
through the entire sediment volume below the water table. It may
have removed only the top 10–15 cm of the bar: the portion that was
unsaturated during low discharge (Figure 7).
Some authors have argued that spatial heterogeneity in hydrolog-
ical processes outweighs temporal variability (Ward et al., 2018). Our
results show that Kv varied spatially by as much as an order of magni-
tude (Figure 11), but it also exhibited an equal amount of temporal
change locally (Figure 12). Zones of low Kv in the channel thalweg
shifted locations between June 2, July 5, and August 3, resulting in
order-of-magnitude changes. Such changes are often necessary to
trigger feedback mechanisms between hydrological, hydrogeological,
and sedimentary processes (Hester, Young, & Widdowson, 2013;
Partington, Therrien, Simmons, & Brunner, 2017; Song et al., 2017).
The spatial pattern of high K also changed markedly in the channel.
Temporal variability in K and Kv heterogeneity also occurred in
the bar. Between June 2 and July 5, increases and decreases were
irregularly distributed throughout the bar, although the range of
changes was less than in the channel. The areas of increased K and Kv
became zones of decreased values between July 5 and August 3. On
average, K and Kv decreased in the bar between July 5 and August
3 (Figures 5 and 12).
Changes in mean K and Kv are small (~20–30%) but they are
important because they are relevant at scales of aquifer or watershed
F IGURE 11 Maps showing RB
and interpolated K and Kv values over
the study grid for all sample events.
Bathymetry is relative to August
3 water depth. Black lines separate
immobile bar from mobile channel.
Interpolations were generated with
kriging method. RB, relative
bathymetry
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modelling (>1,000 m2). Greater percentages of change are detected in
the bar compared to the channel. Repeated measures analyses, com-
bined with the complimentary geophysical data, strongly suggest that
hydraulic properties changed in the bar even though the framework
sediments remained largely intact through the entire study period. In
the channel, the lack of statistically different means between Kv
datasets from all sampling events and the lack of differences in mean
K and Kv datasets between June 2 and July 5 suggests that average
values were largely unchanged even though bedform migration and
channel scour occurred during this period. Mean K in both environ-
ments between July 5 and August 3 were statistically different,
although changes in the channel were near the detection limit
of 10–15%.
As noted by Sebok et al. (2015), Kv is especially sensitive to the
presence of layers of fine particles in the streambed. Korus et al. (2017)
found that minor volumes of silt in an otherwise sandy streambed can
have a dominant effect on Kv heterogeneity within fluvial bedforms.
Field observations confirm that layers of silt were indeed present in
the channel, and histograms show an obvious low-Kv peak (Figure 8).
But the extensive scour and reworking of sediments captured by GPR
between July 5 and August 3 did not significantly alter mean Kv in the
channel. The lack of change in mean Kv in the channel could imply that
the low-K layers of silt on the surface of the streambed had a masking
effect on any Kv dampening in the sandy sediments. These results are
consistent with the findings of Levy et al. (2010), where streambed Kv
of the Miami River in Ohio was observed to remain stable after storm
events that caused measureable scour.
5.3 | Mechanical pore clogging
We interpret pore clogging to have had a negligible effect on average
values of K and Kv in the compound bar between June 2 and July
5 because there were no statistically significant changes. This could
indicate that mechanical pore clogging did not act on a time scale that
F IGURE 12 Changes in K and Kv between sampling events,
computed by taking the differences between interpolation grids in
Figure 11
F IGURE 13 Cumulative grain-size distribution curves based on
means of 130 sediment samples for each data collection event
(390 samples total)
F IGURE 14 Scatterplot of apparent conductivity (σ) versus
specific conductance of pore water in the bar
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F IGURE 15 Maps showing apparent electrical conductivity (σ) of
the compound bar measured with electromagnetic induction tool.
Outline shows location of study grid
would have allowed its effects to be recorded at the sampling fre-
quency, or it may indicate that these processes were not active at all
between these events.
K and Kv from the stationary bar between July 5 and August 3 do
have statistically different means. The drop in σ recorded by EM surveys
between July 5 and August 3 suggests that the content of electrically
conductive water in the sediment of the compound bar decreased during
that period. The decrease in conductivity must be attributed to a loss of
pore volume because (a) the sediment is clay-free, (b) the water table
rose, rather than declined, between these dates, and (c) water conduc-
tance was stable over time and did not affect apparent conductivity. Sed-
iment compaction was not active given the short timescale of the study.
Sand is not easily compressible and there lacked a massive bar-top
deposit as a compacting force.
The extensive dataset on grain size from 260 samples from July
5 and August 3 shows that the <0.063 mm sediment fraction in the zone
of investigation remained <0.2% of the total sample mass during that
period (Figure 13). Therefore, any silt deposited on the bar top after flow
even B was not carried downward through pores in the upper 0.5 m of
the streambed in a sufficient amount to cause changes to the mean
K field. Silt already present within the interstices of the studied sediment
volume at the start of the investigation could have been redistributed by
groundwater flow even as the framework sands remained immobile, con-
centrating the silt into zones or layers (i.e. Figure 1). This process could
have happened without net import or export of fines to the pore volume.
Mechanical pore clogging is therefore not ruled out as an active process,
as it could have contributed to small-scale changes in the spatial patterns
of K heterogeneity between sampling events (Figure 12). Grain-size ana-
lyses were conducted on vertically integrated samples, so it is not possi-
ble to examine the vertical distribution of silt in further detail, but the
grain-size data do indicate that there was little to no net import or export
of fines. Pore clogging was caused by either the addition of very small
amounts of silt that are not easily measured, or by additional, non-
mechanical clogging mechanisms.
5.4 | Suggestions for future research
The observed decrease in σ, K, and Kv between July 5 and August
3 could also be explained by the build-up of biological material as bio-
films (bioclogging) or gases in the pores (e.g. Cuthbert et al., 2010;
Dong et al., 2012; Newcomer et al., 2016, 2018; Schieber, 1999).
However, measurement of biological activity within the hyporheic
zone was outside of the scope of this research, and techniques for
measuring the effects of such processes on K and Kv are not well
developed. Instrument installation using existing techniques would
likely disrupt gases in the sediment column, rendering the methods
unusable for measuring the effect of gas ebullition on K and Kv. Future
research should seek to develop methods to quantify these pore-scale
diagenetic processes and their effects on hydrologic properties in
streambed environments.
Damping of streambed hydraulic properties is typically a tempo-
rary, short-term phenomenon in many streams (Hatch et al., 2010).
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Clogging of the streambed occurs during periods of low discharge dur-
ing which fine-grained sediments accumulate. Subsequent reworking
during high flows then flushes the fine sediments from the streambed.
The reductions in K and Kv observed in this study were related to
abandonment of bar sediments during the seasonal low discharge
period. It is hypothesized, therefore, that extended low discharge con-
ditions during which the streambed is stable and sediments are immo-
bile for long durations could lead to widespread clogging and large-
magnitude declines in K and Kv. Long-term K transience during low
discharge caused by drought, anthropogenic impacts, or other
changes, is another topic of potential future investigation.
5.5 | Methodological limitations
Minor variations in stage heights between data collection events are
relevant to the hydraulic tests on the compound bar because the
water table was used as a reference plane for permeameter and tube
installations (Figures 3 and 4). Changes in the water table elevation on
the bar could change the location that the tube or piezometer resides
in the sediment column, affecting measurements of K and Kv. Field
observations suggest that differences in stage between sampling
events were a small fraction of L* or L, and care was taken to instal
the instruments into the same interval for each data collection event.
Nevertheless, repeatability of the measurement location is an inherent
limitation and potential source of uncertainty with these in situ
hydraulic testing methods.
Due to the dynamic nature of the stream, cost considerations,
and the effects of localized flow fields, the installation of permanent
wells in the streambed was not feasible. Reinsertion of test instru-
ments disturbed the sediment and potentially introduced measure-
ment error into the data. The ability of repeat installations to
accurately reconstruct K structure, however, is confirmed in
Figure 11, which shows that the overall spatial patterns of K and Kv
were reproduced between June 2 and July 5, despite the fact that the
location of each K or Kv measurement varied within 0.5 m.
K was sampled in a less spatially dense pattern than Kv. This dif-
ference should be considered when comparing spatial trends in the
data. The number of points per area of streambed for slug test K is
approximately 0.05 points/m2, whereas for Kv the value is approxi-
mately 0.14 points/m2. The interpolations of Kv in Figure 11 more
accurately represent true heterogeneity than the interpolations of
K (cf. Kennedy, Genereux, Mitasova, Corbett, & Leahy, 2008).
6 | CONCLUSIONS
This research applies methods from multiple disciplines to differenti-
ate between causal mechanisms of transient K and Kv during low dis-
charge conditions. The upper 0.5 m of a sandy streambed was
intensely studied during summer 2017. The hypothesis that deposi-
tion and scour are dominant controls on K transience at short time-
scales (weeks to months) was tested by comparing two streambed
environments: a continually submerged channel where sediments
were reworked to depths >1 m and a stationary compound bar where
infrequent inundation caused only minor reworking of the bar top.
Hydraulic tests (slug tests and permeameter tests), grain-size analyses,
geophysics, and aerial imagery allowed detailed mapping of streambed
properties in a manner that is generally absent from other research on
this topic.
Visual and geophysical observations provide abundant evidence
of deposition, scour, and bedform migration in the mobile stream
channel during the entire study period. These observations also
show evidence that the framework sediments of the bar were
largely immobile below the water table. Despite differences in the
mobility of the sediments, both environments were characterized
by temporal changes in the spatial heterogeneity of hydraulic prop-
erties. Order-of-magnitude increases and decreases occurred locally.
Repeated measures analyses indicate no statistical difference in
mean K or Kv between June 2 and July 5 from either streambed
environment. No statistical difference was found for Kv in the
channel between any data collection events, but K declined ~14%
(near the detection limit of 10–15%) between July 5 and August
3. However, mean K and Kv declined >20% in the bar between
July 5 and August 3.
Even though scour and bed load transport processes were
operative mainly in the channel, temporal changes in the heteroge-
neity of hydraulic properties were observed in both environments
and mean K and Kv values were more temporally dynamic in the
bar. Temporal changes in heterogeneity in the channel can be
explained by the reworking of streambed sediments and transient
bed topography during continuous flow and variable discharge.
Hydraulic property transience in the bar, however, is likely related
to pore clogging. Geophysical data from the bar provides evidence
of porosity reduction between July 5 and August 3, leading us to
hypothesize that mechanical or biological clogging processes may
have played an important role in porosity reduction. Because com-
posite grain-size distributions remain remarkably consistent over
time and the silt fraction was <2%, there was likely little to no net
import or export of silt, only redistribution of fines by groundwater
flow, perhaps triggered by infrequent inundation during which the
bar top was reworked. This finding is important because it implies
that bed load sediment mobility is not necessarily an indicator of
hydraulic property transience at spatial and temporal scales rele-
vant to groundwater and watershed modelling (>1,000 m2, weeks
to months). We suggest that pore clogging at these scales be con-
sidered as a topic of future research.
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